The defense allomones of two haplodesmid millipedes, Eutrichodesmus elegans and E. armatus (Polydesmida: Haplodesmidae), are known as a mixture of the following three nitro compounds: Oxime administration at an appropriate dose resulted in the production of three nitro compounds with similar natural ratios more effectively than nitrile administration. Conversion from oximes to nitrile and vice versa was evidenced during administration. Occurrences of three precursors (Z-and E-oximes and nitrile) were detected sporadically in millipede extracts by selected ion chromatography.
Introduction
The two haplodesmid millipedes, Eutrichodesmus elegans (Polydesmida: Haplodesmidae) and E. armatus (Polydesmida: Haplodesmidae), are both white endemic species (body length ca. 6 mm and 5 mm, respectively) in Japan, commonly possessing three nitro compounds, (2-nitroethyl) benzene (1), (Z)-and (E)-(2-nitroethenyl) benzenes (2 and 3), as their defense allomone. 1, 2) Natural occurrences of 2 and 3 have been hitherto unknown except in the present two species. In plants, compound 1 is widely distributed not only as an essential oil component in Dennettia tripetala (Magnoliales, Annonaceae), 3, 4) Aniba canelilla (H.B.K.) Mez (Laurales, Lauraceae), and Ocotea pretiosa (Nees) Mez (Laurales, Lauraceae), 5) but also as a flavor component in many kinds of flowers. 6) Compound 1 smells sweet and has recently been identified as one of the major flower scents in the Japanese loquat Eriobotrya japonica (Rosales, Rosaceae). 7) The nitro compounds detected as unusual volatiles from Solanum lycopersicum (Solanales, Solanaceae) tomato fruits 8) have been identified as 1, 9) together with 2-methyl-1-nitropropane and 3-methyl-1-nitrobutane. 10) In higher plants, (Z)-and (E)-phenylacetaldoxime (F and G) are produced from L-phenylalanine, 11) and the radioactive 1 has been confirmed in plants after application of 14 C-labeled F and G.
12) The generation of [(E)-2-nitroethenyl][α,β,2,3,4,5,6-2 H 7 -]-benzene ( 2 H 7 -3, 2.8%) has been demonstrated as a mixture with 3 after the administration of α,β,β, 2,3,4,5,6- 2 H 8 -L-phenylalanine for 5 days from adult E. elegans via gas chromatography-mass spectrometry (GC/MS) analysis. This indicates that L-phenylala-nine is a common precursor not only of 3 1) but also of the other well-known and widely distributed allomones (=mandelonitrile and its related compounds) of polydesmid millipedes. The other related species, E. armatus (Miyosi) (Polydesmida: Haplodesmidae), also contains a mixture of 1, 2, and 3.
2) However, the biogenetic pathway from L-phenylalanine to 3, as well as biogenetic relationships among the three nitro compounds (1, 2, and 3), remains obscure.
In the present study, the biosynthesis of these millipede allomones was examined by feeding (Z)-and (E)-2,3,4,5,6-2 H 5 -phenylacetaldoximes ( 2 H 5 -F and -G, equilibrium mixture) and 2,3,4,5,6-2 H 5 -phenylacetonitrile ( 2 H 5 -E), which were prepared from 2,3,4,5,6-2 H 5 -bromobenzene by three-or four-step reactions (Grignard reaction, oxidation, oxime preparation, and subsequent dehydration). After administration of these compounds to millipedes and subsequent incubation overnight, the resulting 2 H 5 -labeled products in the millipedes were examined via selected ion chromatography (SIC) using GC/MS. H 5 -3) were obtained with 1, 2, and 3, respectively. The presence of natural F, G, and E was also supposed based on isotope dilution phenomena in the 2 H 5 -F and -G peaks and 2 H 5 -E after incubation, and their natural presence along with E was accessed via SIC. Then precursors and biogenetic sequences of the millipede allomones were elucidated based on these findings. (Fig. 1A) was collected from leaf litter at Nashinoki Shrine (N 35.024°, E 135.767°), Kamigyouku, Kyoto, and at Yakusyouji-ike Park (N 36.700°, E 137.084°) in Toyama Prefecture (Fig. 1A) . E. armatus (formerly Thelodesmus armatus, reassigned) 13) (Fig. 1B) was collected in Kyoto (as mentioned above) and Family Park (N 36.692°, E 137.146°) in Toyama. Both species were kept in the laboratory by feeding litter obtained from the collected site under an ambient photoperiod and humid conditions at 20°C. Adults were mainly used without discrimination of the sexes, along with juveniles, at each indicated stadium (growth stage). The stadium of each juvenile was recognizable by two criteria, 14) 1) the number of body segments and 2) the number of leg pairs under a binocular microscope (Shimadzu Co., Ltd., STZ-168).
Materials and Methods

Millipede species Eutrichodesmus elegans
Hexane extraction of millipedes
Hexane (40 µL or each indicated volume) was added to a millipede kept in a glass tube (conical-bottomed micro-insert, 28.96 mm in length, ϕ5.73 mm). After 3 min, the hexane layer (4 µL or indicated volume) was removed using a 10 µL micro syringe and subjected to GC/MS analysis. 15) Fig. 1C ). Then hexane (40 µL or indicated volume) was added to the tube as mentioned above (millipede drowned or barely survived after being kept 24 hr at room temperature), and after 3 min, the hexane extract layer (4 µL) was subjected to GC/MS analysis. Similarly, oximes ( 2 H 5 -F and -G; purity 99.3%) and nitrile ( 2 H 5 -E; purity 99.5%) of each 1.5 µg/10 µL were prepared and administered to E. elegans and E. armatus to compare feasibility as a substrate. 
"Forced feeding" incubation
Preparation of compounds
Chemical analysis
GC/MS was performed using an Agilent Technologies 6890N Network GC System, 16) which was coupled with a 5975 Inert XL Mass Selective Detector operated at 70 eV, using an HP-5MS capillary column (0.25 mm i.d.×30 m, 0.25 µm film thickness; Agilent Technologies), with He as the carrier gas at a flow rate of 1.00 mL/min in the splitless mode at a temperature programmed to change from 60°C (2 min) to 290°C at a rate of 10°C/min and then to hold for 5 min. GC and GC/MS signals were acquired and processed with a Chemstation (Hewlett-Packard) installed with an MS database (Wiley275 library, Hewlett-Packard). 
Detection and assessment of compounds via SIC using GC/MS
The M + ion, the base ion, and several diagnostic ions were employed to detect and identify the target compound in GC/MS analysis, considering the m/z +5 increments of each 2 H 5 -labeled compound ( Table 1 ). The contents of natural component and its 2 H 5 -labeled isomer were accessed via SIC, using the base ion of the natural compound and that of 2 H 5 -labeled as each monitor ions. After the integration of each SIC profile on all GC peaks, the 2 H 5 -labeled isomer content for each components was evaluated as a percentage.
In the present study, each pair of base ions was selected as follows: Table 1 , Fig. 3 Industries, Ltd., (Osaka, Japan): benzaldehyde (A), hydroxylamine (aq. 50%), phenethyl alcohol (D), Wakogel C-200, dichloromethane, and hexane. Benzyl alcohol (B), Florisil, and magnesium turnings were obtained from Nacalai Tesque, Inc., (Kyoto, Japan); 2-chloroethanol was obtained from Kanto Chemical Co., Inc., (Tokyo, Japan); and phenylacetonitrile (E), pyridinium chlorochromate, and diethyl ether (super dehydrated and reagent grade) were obtained from Tokyo Chemical Industry Co., Ltd., (Tokyo, Japan). The following compounds were prepared as described: Phenylacetaldehyde (C) was prepared from phenylacetaldehyde dimethyl acetal (Tokyo Chemical Industry Co., Ltd.) by acid hydrolysis. A mixture of (Z)-and (E)-phenylacetaldoxime [F (53%) and G (47%)] was prepared from C and hydroxylamine (aq. 50%). (2-Nitroethyl) benzene (1) was prepared from 2′-bromoethylbenzene (Tokyo Chemical Industry Co., Ltd.) by refluxing successively in acetone (Wako Pure Chemical Industries, Ltd.) with KI (Nacalai Tesque Inc.) and then with sodium nitrite (Tokyo Chemical Industry Co., Ltd.). (Z)-and (E)-(2-Nitroethenyl) benzene (2 and 3) were prepared as described. , 3 µg, 2 µg and 1.5 µg) , and the control] to each adult E. elegans, peak 3 (=compound 3) was the major component in all profiles, while peak 1 (=compound 1) increased proportionally to applied substrate doses, and peak 2 (=compound 2) decreased inversely (Fig. 2) . The relative abundance of peaks A-G (=compound A-G) decreased proportionally to the applied substrate doses. The 1.5 µg dose of 2 H 5 -F and -G indicated almost the same profile as that of the control and appeared to be the most appropriate condition physiologically. In the profile, excess amounts of 2 H 5 -F and -G were not detected, and all millipedes survived the 24 hr incubation. On the other hand, all millipedes incubated with substrates at 5 µg, 3 µg, and 2 µg drowned during the 24 hr incubation.
All peaks (A-G and 1-3) were composed of a mixture of the natural compounds and their 2 H 5 -isomers. As shown in Fig. 3 Fig. 3 (a typical profile of 2 µg administration on peaks 1-3; *data are not identical to those averaged as in Table 2 , b). Likewise, all other peaks, including A-G in all profiles (Fig. 2) , are assessed and summarized in . This means that all peaks were accompanied by each nonlabeled natural isomer (content %; 99.3-b). Peaks E, F, and G showed almost the same high 2 H 5 -labeled isomer content, especially at 5 µg and 3 µg applications of more than 98% (Table  2 , b). This indicated that nitrile (E) was derived directly from oximes (F and G) by dehydration, which is indicative of the interchangeable nature between nitrile (E) and oximes (F and G).
Effect of substrate decreases on the
2 H 5 incorporation rate in E. elegans As indicated in Table 2 , all peaks (A-E and 1-3) were composed of pairs of non-labeled compounds and corresponding 2 H 5 - (2) and (E)-(2-nitroethenyl)benzenes (3)(average data is indicated in Table 2 isomers. Even the substrate peaks (F and G) were presumably contaminated with the natural isomers. The 2 H 5 incorporation rates were assessed for all compounds (A-G and 1-3) and the results are shown in Table 2 , b. Most compounds (A-F and 1) increased from the 5 µg to the 3 µg administration (the reason remains obscure) and then markedly decreased from 3 to 1.5 µg. On the other hand, the rate of compound 2 remained almost unchanged (4.7%, 3.1%, 4.0%, and 4.5%), and that of compound 3 increased gradually from 1.1 to 2.4%, then 2.7%, and finally to 4.3%, inversely against decreasing 2 H 5 -F and -G doses.
The lower four-line groups (a×b/µg) of Table 2 Table 2 , a×b/µg, at 1.5 µg). Those ratios (%) were identical to results summarized in Table 4 and to adults reported. H 5 -3 (14.3), with unchanged (90.5%). As a result, F and G were concluded to be the better precursors to generate a mixture of 1, 2, and 3 than E in both species (Fig. 4) . In the case of E. elegans, the ratio (1 : 2 : 3) of relative production rates (a×b) of 2 H 5 isomers after 2 H 5 -F and -G administration was observed to be 51.9 (19.2%) : 2.6 (1.0%) : 215.0 (79.8%). Although the ratio indicated the same trend, it is not identical to those of peak ratios (0.3% : 1.9% : 97.8%) nor 2 H 5 -labeled ratios (0.5% : 1.9% : 97.6%) summarized in Table 2 , but also to those of reported. 17) A similar trend was at least reproduced like the case of 2 µg administration in 17) This might be attributable to inappropriate incubation conditions, where relatively large abundances (51.6%) of F and G were left unchanged, as mentioned above.
The compound (E) was also metabolized into 1, 2, and 3, but incorporation appeared to be sporadic and less effective, as mentioned above. The deuterium content in E (originally >99.5%), found as 95.0% in E. elegans and 98.0% in E. armatus, was diluted to a mixture of F and G (38.6% and 60.7%, respectively, in E. elegans) and (51.0% and 32.6%, respectively, in E. armatus), while the total production rate of 2 H 5 compounds (1, 2, and 3) was less than half in E. armatus and much less in E. elegans than that from F and G. A larger amount of E remained unchanged (95.7% in E. elegans and 90.5% in E. armatus) than the corresponding amounts of F and G, as mentioned above. The interchangeable nature from E to F and G and vice versa, as mentioned above, seemed to differ between species (Table  3 , Fig. 4) : in E. elegans from E to F and G (from 2109.0 to 49.7=42.4 : 1) and F and G to E (from 110.9 to 17.7=6.3 : 1) and in E. armatus from E to F and G (from 1871.8 to 16.7=112.1 : 1) and F and G to E (from 979.5 to 357.2=2.7 : 1). These facts indicated that the ease of interchange seemed to differ in both species and directions.
Direct assessments of E, F, and G in millipedes, together with
1, 2, and 3 Relative abundances of natural E, F, and G were assessed in both millipede extracts via SIC (Table 4 ). Natural ratios among 1, 2, and 3 are also listed and are the same as reported. 17) Compound E was distributed in all observed stadia, though distribution was sporadic. Compounds F and G were observed occasionally and always in lower amounts than E, indicating a feasibility difference between F and G and E for allomone production.
Discussion
A haplodesmid millipede E. elegans (Miyosi) is known to use a mixture of 2 and 3 as its defense allomone.
1) The presence of 1 has been known in E. armatus 2) and recently re-identified in E. elegans as a new discovery by observing allomone composition along with ontogenetic development. 17) By this sequential observation of two species, 1 (as a minor component) and 3 (as a major one) have been detected from the beginning of ontogenetic development, with a decreasing trend of 1 to a trace in adults and increasing trends of 3 (up to 80% in E. armatus and to 99% in E. elegans). Accumulation of compound 2 has become recognizable from the foraging nymph at the later stadium I to adults in a species-specific manner with a convex curve 17) and reached to the maximum (less than 5% in E. elegans and up to 40.0% in E. armatus, Table 4 ). L-Phenylalanine has been known as the precursor of 3 in E. elegans, 1) and F and G have been transformed successfully into 1 (up to 18%, data not shown), like the case of higher plants. 12) No reliable generation of 2 and 3 has, however, been attained in any trial of incubations using bodies, degutted bodies, or macerated tissues of the species.
In the present study, generation of Table 2 , a×b/µg) and to those results in Table 4 and adult reported. 17) From the experiment, the following facts were also noticed: 1) desaturation step(s) from 1 to 3 (or 2) might be rate determined and (or) controlled by feedback regulation; 2) F and G seemed to be convertible to E, and vice versa, during incubation. Although 2 H 5 -E was a less effective substrate against both species than F and G, all three nitro compounds (1, 2, and 3) contained corresponding 2 H 5 isomers. The rate of conversion seemed to differ between species, as did the direction. As summarized in Fig. 4 , F and G were demonstrated as precursors of 1, 2, and 3 in the present two species (typical non-cyanogenic Polydesmida), and E might function as a reservoir for supplying F and G. In contrast, E has been known as the substrate of P-450 (CYP3201B1) to produce (R)-mandelonitrile in the other major group of cyanogenic Polydesmida. 15) Then the difference in substrates for oxidation [E for P-450 (CYP3201B1) or F and G for other oxidase(s)] might be responsible for evolving into two groups of Polydesmida (cyanogenic and non-cyanogenic).
Desaturation to generate Z geometry is known in the fatty-acyl CoA-related desaturation process.
18) The generation of 2 was observable as a minor component in E. elegans (less than 5% in Table 4 ), while up to 40.0% was generated in E. armatus. Similar large Z-isomer production [16%=(13.7/ (17.2+13.7+54.8)×100%=16%)] in E. armatus was reproduced in 2 H 5 -F and -G administration (Table 3) . This large accumulation of 2 is puzzling, because it is chemically difficult to keep Z geometry under conjugation with aromatic π electrons. Actually, chemical preparation is a mixture of 2 and 3 with a ratio of 1 : 56, 1) therefore, there should be no difference conceivable between two species on each ratios of 2 and 3, but actually different. There might be a species-specific mechanism by which E. armatus keeps an unusual amount (up to 40.0%) of 2 after Z desaturation from 1. If so, then 3 might be produced from 1 by Z desaturation to 2 and subsequent isomerization to 3. At present, however, there is no concrete evidence to deny the possibility of the other pathway from 1 to 3 and then to 2.
In conclusion, F and G were identified as the precursors of 1 in both species, as reported in plants, 12) and then 2 and 3 are produced by desaturation from 1. No rational evidence was obtained by the present study, to conclude whether geometric isomerization from 2 to 3 or regio-selective desaturation from 1 to 3, in addition to biological observation reported. 17 ) Based on our results and the reported production of 1 in a plant, 12) the other two nitro compounds (2-methyl-1-nitropropane and 3-methyl-1-nitrobutane) detectable in tomatoes 10) are also considered to be produced by the oxidation process of 2-methylpropanal oxime and 3-methylbutanal oxime, derived originally from valine and leucine, respectively. The present oxidation step to 1 in both millipedes was not accompanied by hydrogen peroxide production, and no color reaction to Trinder reagent was observed. 19) Elucidation of the desaturation process from compounds 1 to 2 or (and) 3 may be the next step necessary to develop and understand this bioactive molecule, which originated as a natural product.
